Optical properties of transition metal dichalcogenides monolayer of MoS2 are analyzed using multi-orbital tight-binding models with only Mo d-orbitals (three-band model) and with an inclusion of S p-orbitals (six-band model). We look at band structures, momentum matrix elements between valence and conduction band, and joint optical density of states. Good agreement between the two models is shown in a vicinity of K point of the Brillouin zone. On line connecting K and Γ points, a local conduction band minimum at Q point is recovered only by six-band model in agreement with density functional theory and experimental results. We show that optical transitions at this point are active for both light polarizations. A peak in joint optical density of states is also seen at this point suggesting its potentially important role in a proper description of excitonic effects.
Introduction
Transition metal dichalcogenides (TMDs) monolayers are semiconductors that have attracted much attention due to their potential technological applications in electronic and optoelectronic devices [1] [2] [3] [4] . They are characterized by the direct band gap at the corners of the hexagonal Brillouin zone, K and K points, and valleydependent optical selection rules related to the nearby band structure topology [5] [6] [7] [8] . Experimental proofs of dynamical pumping of valley polarization by circularly polarized light in monolayers of TMDs was presented by several groups [9] [10] [11] [12] .
The optical properties of monolayer TMDCs are usually studied using effective models well describing vicinity of K and K points, neglecting a proper description of complicated band dispersion at other areas of the Brillouin zone [13] [14] [15] . At first side this seems to be reasonable as optical properties are governed by excitations in a vicinity of the band gap [2] [3] [4] [5] [6] [7] 15] . On the other hand, density functional theory (DFT) and experimental results show the second conduction band minimum on K − Γ line at Q point [8] and at C point [16] , respectively. This conduction band minimum is responsible for indirect (K − Q) to direct (K − K) band gap transition when a number of monolayers of TMDs is reduced to one. The importance of taking the Q point into account, and in general accurate description of the lowest conduction band in studies of optical properties of TMDs monolayers was not established yet.
In this work, we investigate optical properties of MoS 2 monolayer using three-band [13] and recently derived sixband tight-binding models [17] . A crucial difference be- * corresponding author; e-mail: nafise.nour@sci.ui.ac.ir tween the two models is an inclusion, besides Mo dorbitals are considered in three-band model, also S porbitals within six-band model. This allows for more accurate description of the lowest conduction band, leading to good fit to experimental and DFT results along K − Γ direction of the Brillouin zone. We focus on band structures obtained within the models, momentum matrix elements between valence to conduction bands, and joint optical density of states. We show important relations between the models and emphasize the differences that lead to more accurate description of optical properties of MoS 2 in six-band model.
Models
MoS 2 monolayer consists of two sites within a unit cell corresponding to Mo atom (A site) and S dimer (B site), forming a honeycomb lattice. Three-band model derived in Ref. [13] is restricted to the description of Mo d-orbitals, that form a triangular lattice, neglecting completely S p-orbitals. Within the six-band model derived in Ref. [17] , besides Mo d-orbitals, also S p-orbitals, l = 1, with m p = 0, ±1 are included. In order to properly fit band structures to DFT results, the three-band model introduces up to the third-nearest-neighbour hopping integrals while the six-band model only up to the next nearest neighbor hopping integrals. The band structure of the three-band model reproduced from Ref. [13] is shown in Fig. 1 on the left, and compared with the band structure of the six-band model reproduced from Ref. [17] , on the right. In a vicinity of K valley, both models give similar results predicting direct band gap at this point. Within the six-band model, the second conduction band minimum at Q point, indicate by a star, is clearly seen. A proper description of a K − Γ line in this model is the main difference in comparison to the three-band model.
In the next section we analyze its importance when optical properties are studied.
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Results and discussion
We calculate the momentum matrix elements between single-particle states as they determine optical selection rules. Momentum matrix elements between the conduction and valence band eigenstates of the Hamiltonian are given by
where m 0 is electron mass, and v and c refer to valence and conduction eigenstates, respectively [15] . For circular polarizations, we have In Fig. 2 we show momentum matrix elements squared for two circular polarizations P + and P − for three-band (a) and (b), and six-band (c) and (d), models. Results are qualitatively similar in a vicinity of corners of the Brillouin zone, at K and K points, where valley-dependent optical selection rules are recovered, see red areas around three K points and vanishing momentum matrix elements around K points for P + , and inversely for opposite polarization. Around these points threefold rotational symmetry is more clearly seen within six-band model. At the other areas of the Brillouin zone differences between the models are more evident. Especially, nonzero values of P + and P − around Q points, indicated here by white circles, can be noticed only within six-band model. We summarize analysis of optical properties of MoS 2 by looking at joint optical density of states, shown in Fig. 3 . Very good agreement between both models is seen for an energy range between the band gap at K point around E = 1.6 eV and up to E = 2.5 eV. Above E = 2.5 eV, a large signal coming from Q point of the Brillouin zone is noticed within six-band model, not seen within three-band model, confirming results presented in Fig. 2 . Two singular peaks seen for three-band model comes from transitions at M point, at lower energy, and other points in the Brillouin zone. Within six-band model, they overlap, forming one broader singular peak around E = 2.7 eV.
Conclusions
We have analysed optical properties of MoS 2 monolayer using six-band and three-band tight-binding models. We look at momentum matrix elements between valence and conduction band and joint optical density of states. Both models give qualitatively similar results in a vicinity of the energy band gap, around K point of the Brillouin zone. Valley dependent polarization is observed. Some differences between the results for the two models are seen for larger energies resulting in distinguished joint optical density of states further from the energy gap, above 2.5 eV. Especially, optical transitions from Q-point gives large peak captured only by six-band model, active for both light polarizations.
